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Chapter I 
INTRODUCTION
Many c o n c e n t r ic a l ly  zoned g r a n i t i c  plutons which grade from r e l a ­
t i v e l y  m af ic  margins in to  more f e l s i c  cores have been described (Compton, 
1955; Taubeneck, 1957; Reesor, 1958; Bateman and o th e rs ,  1963; Ehinger ,
1971, 1972). This zoning is be l ieved  by some workers to  have o r ig in a te d  
by a s s im i la t io n  o f  country rock near the margins o f  the p lu ton (Compton, 
1955; Reesor, 1958) . Vance (1 9 6 1 ) ,  however, has suggested a model involv ing  
d i f f e r e n t i a t i o n  in place to ex p la in  the d e ta i l e d  zoning in some such 
plu tons .  In Vance's model, a magma d i f f e r e n t i a t i n g  in p lace develops an 
impermeable s h e l l  which forces the sea1ed-!n v o l a t i l e s ,  along w i th  s i l i c a  
and a l k a l i s ,  to  m igrate  downward and inward as the sh e l l  th ickens .  The 
i n t e r i o r  and deeper port ions  o f  the magma are enriched in these components 
w h i le  a more mafic  s h e l l  is l e f t  behind.
Most previous studies  o f  zoned g r a n i t i c  plutons have d e a l t  only  w ith  
h o r iz o n ta l  ( v i s i b l e  in plan view) chemical or  m inera log ica l  zonigg although  
s i m i l a r  v e r t i c a l  ( v i s i b l e  in c ro s s -s ec t io n a l  view) zoning should a lso  be 
produced during d i f f e r e n t i a t i o n  in p lac e .  S t ru c tu ra l  data combined w i th  the 
presence o f  v e r t i c a l ,  and apparent absence o f  h o r i z o n t a l ,  chemical zoning 
suggests th a t  what is now the Royal stock o f  west c e n tra l  Montana represents  
the uppermost s h e l l  o f  a zoned p luton which has d i f f e r e n t i a t e d  in p lace .  
Chemical, s t r u c t u r a l ,  and age r e la t io n s h ip s  between the Royal stock and the 
c lo s e ly  associated Mount Powell b a t h o l i t h  ( F ig .  I )  suggest t h a t  the Mount
FIGURE 1 LOCATION MAP —  FLINT CREEK RANGE
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Powell b a t h o l i t h  was o r i g i n a l l y  the more f e l s i c  deeper p o r t io n  o f  the  
d i f f e r e n t i a t i n g  Royal stock magma. This deeper p o r t io n ,  w h i le  s t i l l  in a 
molten s t a t e ,  broke through the o u te r  s o l i d i f i e d  sh e l l  and now appears as 
a separate  p lu to n .
Regional Geology
The Royal stock and Mount Powell b a t h o l i t h ,  along w i th  the co n c e n tr i ­
c a l l y  zoned P h i l ipsburg  b a t h o l i t h  (Eh inger ,  1971, 1972) ,  form the h igher  
port ions o f  the F l i n t  Creek Range in west c e n t ra l  Montana ( F ig .  1 ) .  No wide­
spread regional metamorphism has a f fe c te d  th is  area which l i e s  between the 
Idaho and Boulder b a t h o l i t h s .  The surrounding sedimentary rocks range from 
Precambrlan to T e r t i a r y  in age. McMannis (1965) has placed the F l i n t  Creek 
Range in the B a t h o l i t h i c  Province o f  Montana. This province conta ins many 
la rge  and small p lu to n ic  bodies,  a th ic k  B e l t  sequence, many Cretaceous and 
Cenozoic v o lca n ic  rocks, and has an exceedingly complex s t r u c tu r e  (McMannis 
1965).
Previous Work
Emmons and Calk ins (1913) were the f i r s t  to map a la rge  p a r t  o f  the  
F l i n t  Creek Range. The northeastern  and northwestern f lanks  o f  the range 
have been studied in more d e t a i l  s ince then by Mutch ( I9 6 0 )  and McGil l  
( 1958) .  A l le n  ( 1962, 1966) has s tud ied  the s t ru c tu re  and pe tro logy  o f  the  
Royal stock and Mount Powell b a t h o l i t h .
Work in Progress
Work c u r r e n t ly  in progress in the area consists  o f  a study o f  
fe ldspars  from the P h i l ip sb urg  b a t h o l i t h  by Ronald Wold and a f i s s io n  t rack  
study o f  the Royal stock and Mount Powell and P h i l ipsburg  b a t h o l i th s  by 
Bruce Baty as p a r t  o f  a la rg e -s c a le  p r o je c t  invo lv ing  the plutons o f  the 
F l i n t  Creek Range by Or. Donald W. Hyndman and Dr. Arnold J .  Silverman o f
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the U n iv e r s i ty  o f  Montana.
Purpose and Methods
The purpose o f  th is  study is to in v e s t ig a te  the re la t io n s h ip s  
between the Royal stock and Mount Powell b a t h o l i t h  by the use o f  s t r u c t u r a l ,  
chemical ,  and rock density  da ta .
A l in e  o f  18 samples, c o l le c te d  f o r  the above p r o j e c t ,  running from 
north to  south through the Royal stock and the northern p o r t io n  o f  the 
Mount Powell b a t h o l i t h ,  and seven a d d i t io n a l  samples taken from the middle  
and southern p a r t  o f  the b a t h o l i t h  ( F ig .  2) were se lec ted  f o r  whole rock 
chemical analyses,  tw e n ty - th re e  b i o t i t e  separates from the l in e  o f  samples 
were a lso chemical ly  analyzed.  V e r t i c a l  chemical v a r i a t i o n  In the plutons  
along the l in e  o f  samples Is the sub jec t  o f  much o f  th is  paper.  Modal 
analyses and magnetic s u s c e p t i b i l i t y  data were a lso  gathered fo r  some o f  
the samples. S p e c i f i c  g r a v i t i e s  o f  numerous samples from both plutons were 
measured as a p a r t  o f  the la rg e r  p r o je c t  using the technique described by 
Ehinger (1 9 7 1 ) .  From th is  rock densi ty  data Or. Donald Hyndman prepared  
the rock dens i ty  map shown in F ig .  6 ,
General Features o f  the Royal Stock and Mount Powell B a th o l i th
The Royal stock Is an oval body covering 30 square m i le s .  M in e ra l ­
og ica l  ly  i t  is q u i te  homogeneous ( A l l e n ,  1962) and according to  the 
c l a s s i f i c a t i o n  o f  Streckeisen (1967) i t  is a g r a n o d io r i t e .  In hand specimen 
the Royal stock has a normal g r a n i t i c  te x tu re  (hypidiomorphic  g r a n u l a r ) ,  
w ith  the exception o f  f in e r -g r a in e d  margins which appear g n e is s ic  due to
a f o l i a t i o n  imparted by the b i o t i t e .
The Mount Powell b a t h o l i t h ,  covering 53 square m i le s ,  is  south o f  
the Royal stock and In contact  w i th  i t .  In hand specimen i t  Is  d is t in g u is h e d  
from the Royal stock by the presence o f  muscovite and/or  la rge  potassium
0
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Figure 2. Sample lo ca t ion  map. 
For c o r r e la t io n  o f  l e t t e r s  
w ith  f i e l d  numbering system 
see appendix 4.
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fe ld s p a r  megacrysts which c o n s t i tu te  up to  50% o f  the outcrop In some 
small areas. Aside from t h i s ,  both plutons are t e x t u r a l l y  s i m i l a r  al though  
f o l i a t i o n  in the Mount Powell b a t h o l i t h  Is r a re .  M in e r a lo g ic a l l y  the  
groundmass o f  the Mount Powell b a t h o l i t h  Is a lso  c l a s s i f i e d  as a g r a n o d io r i t e ,  
but i f  the megacrysts are considered the b a t h o l i t h  is probably a g r a n i t e  
(S trecke isen  c l a s s i f i c a t i o n  1967) . N e i th e r  pluton shows conce ntr ic  
m inera log ica l  zoning. A p l l t e  dikes are present In both p lu to n s ,  but the 
j o i n t  systems in each pluton are d i f f e r e n t  ( A l l e n ,  1962). The contact  
between the two plutons ranges from g rad a t io na l  f a r  from the country rock,  
to  very sharp near the country rock contacts .  The country rock contacts  
are everywhere sharp and a contact metamorphic aureole  surrounds both 
plutons. Hornblende horn fe ls  fa c ies  rocks are found next to  the contact  
w ith  a i b i t e - e p i d o t e  fa c ies  rocks f a r t h e r  away ( M c G i l l ,  1958; Mutch, I960;  
A l le n ,  1962) .
The Royal stock and Mount Powell b a t h o l i t h  are probably c lo s e ly  re la te d  
in time o f  emplacement and subsequent thermal h is to ry  to  the nearby P h i l i p s ­
burg b a t h o l i t h  f o r  which K/Ar ages o f  72 to 76 m i l l i o n  years have been 
obtained (Hyndman, Obradovitch,  and Ehinger ,  1972),
ge n e ra l ly  ranging from An^j to  An^^ In the Royal stock and from An2yto
Chapter 2 
MINERALOGY AND MODAL ANALYSES
The mlnerafogy o f  the Royal stock and Mount Powell b a t h o l i t h  Is that  
o f  a normal b i o t i t e  g r a n o d io r i te  and has been described In d e t a i l  by McGil l  
(1958) and A l len  (1962,  1966) .
M i n e r a l o g i c a l l y ,  both plutons are very s i m i l a r .  Zoned p la g io c la s e .
An
In the Mount Powell b a t h o l i t h  ( A l l e n ,  1962) ,  Is the most abundant m inera l .  
I t  is fo l lowed by q u a r t z ,  potassium fe ld s p a r ,  and b i o t i t e  In decreasing  
order o f  abundance (Table  I ) .  Potassium fe ld sp a r  megacrysts which are  
usual ly  randomly o r ie n te d ,  up to  three Inches long, and conta in  many 
Inclusions o f  p lag io c la se  are common In the Mount Powell b a t h o l i t h .  Much 
s m a l le r ,  anhedral megacrysts are  r a r e ly  present In the Royal stock.
Accessory m inera ls  Include m agnet i te ,  a p a t i t e ,  z i r c o n ,  and monazlte.  
C h l o r i t e ,  e p id o te ,  r u t i l e ,  and muscovite are secondary m in e ra ls .  B i o t i t e  
and muscovite w i l l  be discussed In more d e t a i l  In the sect ion  on b i o t i t e  
chemistry (Chapter 7 ) .
Modal analyses (Table  1) o f  s ta in e d  slabs and th in  sect ions performed 
by the w r i t e r  (Appendix 1) are In agreement w i th  those o f  A l le n  (1962) and 
Hyndman and Silverman (unpublished data) which show the Mount Powell bath­
o l i t h  to  be enriched In q u a r t z ,  potassium fe ld s p a r ,  and muscovite and 
deple ted  In maflcs and p la g io c la se  r e l a t i v e  to  the Royal s tock .  This d a ta ,  
combined w i th  the lower An contents o f  p la g io c la s e  In the Mount Powell
8
Table  1
Nodal analyses o f  11 Royal stock samples
(2000 counts per s ta ined  slab and 1440 counts per th in  section^
Stained S1 abs Thin Section
Sample Plag. K-spar Quartz Mafics B i o t i t e Muscovi te
A 43 .5 19.5 2 3 .9 13.0 8 .8 1.3
B 44 .8 15.7 2 5 .7 14.7 5.1 .9
C 43 .3 15.8 29 .6 11.3 6 . 8 2 .2
D 44 .3 13.4 2 3 .9 18.4 10.9 .8
E 42 .5 18.1 2 8 .8 10.5 6 .9 .9
F 45 .6 21 .0 19.8 13Ï5 6 .5 2 .0
G 40 .0 18.8 23 .6 17.6 7 .3 1.9
H 44 .4 2 2 .7 18.9 14.0 10.5 2 .2
J 4 4 .8 18.1 24 .0 14.0 6 .3 3 .2
K 44 .0 18.6 2 7 .7 9 . 8 6 .5 1.4
45 .5 20 .9 24 .3 9 .3 8 .3 .6
Ave rage 43 .8 18.3 2 4 .6 13.3 7 .6 1.6
A l len  (1 962 ) :  30 samples
Ave rage 47 .4 16.9 26 .7 9 .0
Hyndman-SiIverman (unpublished d a ta ) : 118 samp 1es
Ave rage 45 .0 17.8 26 .6 10.9
Modal analyses o f  9 Mount Powell b a t h o l i t h  samples
Stained S1 abs Thin Section
Sample P lag. K-spar Quartz Mafics B i o t i te Muscovi te
N 46.6 18.1 27 .4 7 .8 3 .4 2.1
R 40.1 25 .0 29.1 5 .8 3.1 3 .4
P 50.1 16.8 2 2 .5 10.6 3 .5 6 .0
T 44 .2 20 .5 2 7 .7 7 .6 4 .2 4 .5
V 46 .8 14.5 27 .4 11.3 4 .9 5 .4
W 44.0 20 .8 2 6 .4 9 .0 7.1 5.1
X 49.0 18.8 26 .6 5 .8 1.9 3 .8
Y 40 .4 22 .6 32.9 4 .2 1.0 7 .6
Z 37.9 31 .3 2 2 .9 7.9 1.2 2 .5
Ave rage 44 .3 2 0 .9 27 .0 7 .8 3 .2 '  4 .5
A l len  (1962 ) :  32 samples
Ave rage 46 .9 18.0 2 8 .8 6.1
Hyndman-S i 1ve rman (unpublished data) :201 samples
Average 42 .3 22 .4 28 .5 7.2
*The t o t a l  b i o t i t e  plus muscovite contents from the th in  sect ions r a r e ly  
equal the mafic  contents obta ined from the s ta ined  s labs .  Th is  is p a r t l y  
because opaques and accessory minerals  were not counted w i th  b i o t i t e  o r  
muscovite in th in  s e c t io n .  The small s i z e  o f  the th in  sect ion  is probably  
not re p res e n ta t iv e  o f  the sample and the small s iz e  o f  the mafic  m inera ls  in 
the s ta ined  slabs probably a lso  introduces a d d i t io n a l  e r r o r s .
9
b a t h o l i t h  and the gradat iona l  contacts between the two plutons suggests 
both plutons are comagmatic, the Mount Powell b a t h o l i t h  being a d i f f e r e n t i a t e  
o f  the o r i g i n a l  Royal stock magma.
The modal analyses show no m in era lo g ic a l  zoning in the Royal stock o r  
Mount Powell b a t h o l i t h .  Because o f  the presence o f  numerous, i r r e g u l a r l y -  
d i s t r ib u t e d  megacrysts in the Mount Powell b a t h o l i t h ,  some o f  the s ta ined
slabs from t h is  p luton were unsu itab le  fo r  po int  counting. I t  is  be l ieved
the modal analyses o f  the Mount Powell b a t h o l i t h  th e re fo re  are suspect arid
should be used on ly  f o r  general observa t ions .
10
Chapter 3 
STRUCTURE
The Royal stock has been c l a s s i f i e d  as an ep izonal  pluton (Buddington,  
1959) by Mutch and McGil l (1962) on the fo l low ing  evidence: contacts w i th  
the country rock are sharp,  pr imary p la ty  f low s t ru c tu re  is w e l l  developed 
only near the margins o f  the p lu to n ,  the s t r a t i g r a p h i e  th ickness o v e r ly in g  
the stock during in t ru s io n  is est imated as 17,000 f e e t ,  and metamorphism 
developed in assoc ia t ion  w i th  the Royal stock is commonly o f  the a l b i t e -  
ep idote  horn fe ls  f a c ie s .  Except fo r  the r a r i t y  o f  p la t y  f low  s t ru c tu re  
near the country rock c o n ta c t ,  the Mount Powell b a t h o l i t h  is very s i m i l a r  
to  the Royal stock.
In t ru s io n  o f  the Royal stock (Mutch and M c G i l l ,  1962) and the Mount 
Powell b a t h o l i t h  has d e f le c te d  p r e - e x is t in g  regional s t ru c tu re s .  The 
regional north-south s t r u c tu r a l  trends in the country rock swing ab ru pt ly  
and concordantly  around both plutons (F ig .  3 ) .  in d e t a i l ,  however, the 
plutons are s t ro n g ly  d isco rd an t ,  o f te n  c u t t in g  across bedding a t  high angles  
I t  is b e l iev ed  tha t  stoping was unimportant as a mechanism o f  emplacement, 
as x e n o l i th s  are  very rare in the Royal stock and absent in the Mount Powell 
b a t h o l i t h .  Both plutons contain large sedimentary roof remnants which 
are located near the igneous-country rock contact o r  a t  high e le v a t io n s .  
These roof remnants appear to be in t h e i r  o r i g i n a l  p o s i t io n  and thus are  
useful in es t im at ing  the o r i g i n a l  p o s i t io n  o f  the roofs of these bodies.
F o l ia t io n  developed most s t ro n g ly  near the margins o f  the Royal stock  
and an absence o f  shearing in both plutons (Mutch and M c G i l l ,  1962; A l l e n ,
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Figure 3. General r e la t io n s  between the Royal stock and Mount Powell
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1962) suggests in t ru s io n  o f  a f l u i d  magma. G r a n i t i c  dikes invading the 
country rock are a lso  in d ic a t iv e  o f  a f l u i d  magma ( A l l e n ,  1962). I t  is 
be l iev ed  both plutons were f o r c i b l y  in je c te d  in a f l u i d  s t a t e .
A l le n  (1966) has proposed th a t  the Royal stock is a p r is m a t ic -  
c y l i n d r i c a l  body plunging about 55° to the southwest. This  is based on what 
are in te r p r e te d  to  be extension f r a c t u r e  o r i e n t a t i o n s .  McGil l  (1 9 5 8 ) ,  
however, bel i eves in t ru s io n  to be from the east  and c o n t r o l le d  in p a r t  by fo lds  
in the country rock. Evidence f o r  th is  is the presence o f  east  dipping a x ia l  
planes ,  and a steep western and shal lower  eastern  dip o f  the p lu ton -country  
rock contac t .  As the shal low dip o f  the eastern  contact  may represent  
incomplete de foo f în g ,  w i th  s t i l l  s teeper  dips s t i l l  unexposed (F ig s .  4 and 5 ) ,  
A l le n 's  in t e r p r e t a t i o n  o f  in t ru s io n  from the southwest is p r e f e r re d .
Wherever a f o l i a t i o n  in the Royal stock Is found near the margins, i t  
is o r ie n te d  p a r a l l e l  to  the contac t .  Therefore  i t  seems reasonable to 
e x t r a p o la te  the a t t i t u d e  o f  the contact from the a t t i t u d e  o f  the f o l i a t i o n  
where the contact  is not exposed (A l l e n ,  1962). Observed f o l i a t i o n s  in the 
Royal stock are shown in Figure 4.  Cross se c t io ns ,  based upon f o l i a t i o n  
o r i e n t a t i o n s ,  the locat ion  o f  roof remnants, and the dips o f  contacts  
(F ig .  5) suggest th a t  the o r i g i n a l  roof o f  the Royal stock and northern  
po rt ion  o f  the Mount Powell b a t h o l i t h  was ge n e ra l ly  only  severa l  hundred fe e t  
above the h igher  r idges and q u i t e  f l a t .  I t  is a lso ev id e n t  th a t  the Mount 
Powell b a t h o l i t h  p a r t i a l l y  under l ies  the Royal stock.
Mutch ( i 960) has noted shearing and a l t e r a t i o n  o f  the Royal stock  
south o f  Rock Creek where î t i î s  in contact w i th  f resh rock o f  the Mount 
Powell b a t h o l i t h .  This suggests the Mount Powell b a t h o l i t h  has in truded the 
Royal s tock .  A l len  (1962) has reported the Mount Powell b a t h o l i t h  cuts across 
the f o l i a t i o n  o f  the Royal s tock .  This is  a lso  in agreement w i th  the Mount 
Powell b a th o l i t h  being the younger o f  the two bodies.
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Chapter 4 
ROCK DENSITY
A densi ty  map o f  the Royal stock and Mount Powell b a t h o l i t h  (F ig .  6 ) ,  
contoured by D. W, Hyndman to demonstrate a c o r r e la t io n  between density  
and e l e v a t i o n ,  shows the densi ty  o f  the Royal stock to be g re a te s t  near the 
border zones and h igher  e le v a t io n s .  The density  ranges from 2 ,67  to  2 ,69  
f o r  the border zones and h igher  e le v a t io n s  to 2 ,60  to 2 .6 3  f o r  the ce n t ra l  
v a l l e y s .  This densi ty  d i s t r i b u t i o n  suggests the exposed po rt ion  o f  the 
Royal stock may represent the upper p a r t  o f  a mafic s h e l l  surrounding a 
zoned p lu ton .  This  Is In agreement w i th  the s t ru c tu ra l  cross sections  
(F ig ,  5) which show the o r i g i n a l  roof o f  the Royal stock to be only  several  
hundred f e e t  above the h igher  r idges.  The modal analyses o f  the Royal 
s tock ,  however, do not r e a d i ly  show m inera log ica l  zoning.
In the Mount Powell b a t h o l i t h ,  rock d e n s i t ie s  g e n e ra l ly  range from 
2.61 to 2 .65  and show l i t t l e  I f  any c o r r e la t io n  o f  h igher values w i th  the 
border zones. However, h igher  values do seem to  c o r r e la te  w i th  Increasing  
e le v a t io n  In the northern p a r t  o f  the Mount Powell b a t h o l i th  ( e .g .  Deer Lodge 
and East Goat Mountains) suggesting more mafic rock is associated w i th  the 
roof  o f  the b a t h o l i t h  ( F ig ,  5 ) .  In the southern p a r t  o f  the b a t h o l i t h  In 
the Racetrack Creek V a l le y  the densi ty  Increases w i th  decreasing e le v a t io n  
possib ly  suggesting eros lona l  leve ls  close to a more mafic  f l o o r  o f  the 
b a t h o l i t h .  Areas between Deer Lodge Mountain and Racetrack Creek have lower  
d e n s i t ie s  which suggest th is  area o f  In term edia te  e le v a t io n  may represent
m e
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Figure 6. Contoured rock dens ity  map of  
the Royal stock and Mount Powell b a t h o l i t h  
For c o r r e l a t i o n  o f  dens ity  data w i th  
e le v a t i o n ,  compare th is  f ig u r e  w i th  the  
contour map on the fac ing  page.
17
the core o f  the Mount Powell b a t h o l i t h .  D i f f e r e n t i a t i o n  in s i t u  (Vance,
1961) o f  a th in  s h e e t - l i k e  body a f t e r  i n je c t io n  could c rea te  the observed 
dens i ty  v a r ia t io n  in the Mount Powell b a t h o l i t h .
An aeromagnetic survey ( Z i e t z  and o th e rs ,  1971) shows the Mount Powell
b a t h o l i t h  to have a d i s t i n c t  negat ive  anomaly whereas the Royal stock has
a strong p o s i t iv e  anomaly. P ar t  o f  th is  d i f fe r e n c e  is due to  the sm a l le r  
magnetic s u s c e p t i b i l i t y  o f  rocks o f  the Mount Powell b a t h o l i th  (F ig .  9 ) •  
However, the la rge  contras t  between the two plutons suggests the Mount 
Powell b a t h o l i t h  is a lso  much th in n e r  than the Royal stock ( Z i e t z  and o th e rs ,  
1971) .  This is in agreement w i th  the thickness In fe r re d  by the v e r t i c a l  
densi ty  v a r i a t i o n .
The few small anomalous areas o f  low density  and high e le v a t io n  may
represent more advanced local  d i f f e r e n t i a t i o n .
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Chapter 5
DEVELOPMENT OF THE ROYAL STOCK AND MOUNT POWELL BATHOLITH
To account fo r  the observed f i e l d ,  s t r u c t u r a l ,  age, m in e r a l o g ic a l , 
and density  re la t io n s h ip s  between the Royal stock and Mount Powell b a th o l l t h  
an o r i g i n  based on in te r r u p t io n  o f  the d i f f e r e n t i a t i o n  in s i t u  process 
(Vance, 1961) is presented. Whole rock and b i o t t t e  chemical d a ta ,  along 
w ith  magnetic s u s c e p t i b i l i t y  measurements, are presented and discussed in 
the next two chapters and used as a d d i t io n a l  evidence fo r  the proposed 
o r i g i n .
I t  is proposed th a t  both plutons o r ig in a te d  from a s in g le  mass o f  
g r a n i t i c  magma which probably rose toward the no r theas t .  The u l t im a te  
o r ig in  o f  the magma is ou ts ide  the scope o f  th is  paper. As the magma rose 
the top and sides would presumably be the f i r s t  to  cool and begin to  
c r y s t a l l i z e ,  r e s u l t in g  in rocks enriched in mafics and more c a l c i c  p lag -  
io c lase .  Continued upward movement would cause the development o f  the 
observed f low f o l i a t i o n s .  Further  cooling could r e s u l t  in the formation o f  
a s o l id  impermeable s h e l l  which would seal in v o l a t i l e s  released by l a t e r  
c r y s t a l l i z a t i o n  o f  the remaining magma. The v o l a t i l e s  would g a th e r  Just  
below the top o f  the s h e l l ,  where the pressure would be l e a s t ,  and then be 
forced downward and inward as the s h e l l  th ickened,  ca rry in g  along dissolved  
s i l i c a  and a l k a l i s .  I t  is th is  s e le c t iv e  t r a n s f e r  o f  s i l i c a  and a l k a l i s  . 
which is considered responsible fo r  the mafic  margins o f  some zoned 
plutons which grade in to  more f e l s i c  cores (Vance, 1961).
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What is now exposed as the Royal stock probably represents the upper 
p o rt io n  o f  the more m af ic  margins developed around a zoned p lu to n .  The 
Royal stock has not y e t  been eroded f a r  enough below i t s  o r i g i n a l  roof  to 
reveal  a more pronounced h o r iz o n ta l  ( v i s i b l e  in plan view) concentr ic  
compositional zoning which probably would e x i s t  given deeper eros ion .
This is supported by the dens i ty  and whole rock chemical data ( F ig .  9) 
which show v e r t i c a l  chemical zonation to be present as may be expected fo r  
the top o f  a pluton which has d i f f e r e n t i a t e d  in p lace .
Before the Royal stock complete ly s o l i d i f i e d ,  the deeper,  more 
d i f f e r e n t i a t e d ,  and s t i l l  most ly moi ten core o f  the p lu to n ,  perhaps due to  
g r a v i t a t i o n a l  i n s t a b i l i t y ,  broke through the southern s ide o f  the s o l i d i f i e d  
sh e l l  and f lo a te d  to  approximately  the same leve l  in the c rus t  as the 
Royal stock (F ig .  7 ) •  This more d i f f e r e n t i a t e d  po rt ion  o f  the magma is  
now recognized as the Mount Powell b a t h o l i t h .  Somewhat s i m i l a r  occurrences 
o f  in t ru s io n  o f  the s o l i d i f i e d  margins o f  zoned plutons by the s t i l l  molten 
core or  deeper port ions  have been reported (Reesor,  1953; Bateman and 
o th e rs ,  1963) •
In accordance w i th  th is  proposed o r i g i n  the Mount Powell b a th o l i t h  
p a r t i a l l y  u n d e r l ie s ,  l o c a l l y  in trudes and is s l i g h t l y  younger than the Royal 
stock. Both sharp and grad a t io na l  contacts between the p lu to n s ,  d i f f e r e n t  
j o i n t  s e ts ,  and m inera log ica l  and s p e c i f i c  g r a v i t y  d i s t r i b u t i o n s  are  a lso  
as expected.
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Chapter 6 
WHOLE ROCK CHEMISTRY
Chemical analyses o f  whole rock samples were done using wet chemical,  
x - ra y  f luorescence ,  and flame photometer techniques (Appendix 2 ) .  Sample 
locat ions are  shown in Figure 2.
Whole rock chemical analyses (Table 2) and the associated v a r ia t io n  
diagrams ( F ig .  8) show the Royal stock and Mount Powell b a t h o l i t h  each to  
be i n t e r n a l l y  q u i te  homogeneous and f o r  the most p a r t  chemical ly  d i s t i n c t  
from the o th e r .  However, three samples taken near the contact between the 
two plutons (N, T ,  and U) suggest the ex is tence o f  a g radat iona l  r e la t io n s h ip .  
Magnetic s u s c e p t i b i l i t y  measurements (F ig .  9 ) ,  which r e f l e c t  magnetite  
content in g r a n i t i c  rocks (Dobrin ,  I 9 6 0 ) ,  are in agreement w i th  a g rada t iona l  
re la t io n s h ip  e x is t in g  between the two p lutons.
With increasing SiOg content o f  samples taken from both bodies,  FeO, 
^^2^3* TiO^t MgO, CaO, and A l2Û^ decrease, Na^O remains constant ,  and KgO 
increases s l i g h t l y  (F ig .  8 ) .  The values fo r  samples from the two bodies 
p lo t  a t  opposite ends o f  the v a r i a t i o n  diagrams (F ig .  8), but the trends  
and values are such t h a t  a t r a n s i t i o n a l  r e la t io n s h ip  between the two bodies 
is apparent. The v a r i a t i o n  diagrams f o r  Na^O and K^O (F ig .  8) show 
considerab ly  g r e a te r  s c a t t e r  ou ts ide  experimental e r r o r  than o th e r  elements.  
This may r e f l e c t  the presence o f  the la rg e ,  i r re g u la r ly -s p a c e d  megacrysts 
in the Mount Powell b a t h o l i t h  which make adequate sampling in the f i e l d  
d i f f i c u l t ,  i f  not impossible.
Table 2. Whole rock chemical analyses 
Royal stock Northern Mount Powell batholith
Sample A C D E G H J K N R S T U V W X Y Z
SiO^ 66.4 68.1 67.6 67.2 67.9 69.2 67.2 67.1 71.2 73.0 72.8 70.7 69.8 72.3 72.5 73.1 75.3 73.2
T'Oa .42 .33 .39 .39 .27 .28 .34 .31 .21 .15 .20 .21 .24 .18 .18 .16 .08 .14
A ljO j 17.7 17.3 17.1 17.9 18.3 16.7 17.3 17.7 16.4 15.2 16.5 16.5 16.7 15.6 16.5 15.6 14.8 16.1
FcjOj .9 1.0 .9 .8 .7 .9 1.0 .6 .4 .3 .3 .7 .6 .2 .4 .1 1.2 .1
FeO 2.5 2.2 2.3 2.3 1.8 2.1 1.9 2.2 1.6 1.4 1.4 1.5 1.9 1.5 1.4 1.2 1.3
MgO 1.2 1.1 1.2 1.1 .8 .8 1.0 .9 .6 .5 .6 .7 .7 .4 .5 .4 .2 .3
CaO 4.1 3.9 4.1 4.2 3.9 3.6 3.8 4.0 2.5 2.2 2.3 2.2 2.8 2.3 2.1 1.8 1.0 1.6
Na^O 3.4 3.4 3.2 3.3 3.6 3.3 3.4 3.5 3.6 3.5 3.3 3.3 3.5 3.5 3.5 3.8 4.1 3.2
h i M h i h i h i 3.3 3.7 3.3 3.5 3.5 4.2 h i 3.3 3.5 4.3 3.4 h i h i
Total 100.53
100.32 100.09
100.29 100.18
100.67 99.64
99.61
100.01
99.75
101.60
99.61
99.54
99.48
101.38
99.56
100.88
99.84
*  The ferrous iron determination for sample Y is suspect so a ll iron In this sample is reported as fe rr ic  iron.
N)M
Table 2 — Continued
Southern Mount Powell batholith*
Sample AA BB CC DO EE FF GG
SlOj 72.2 72.3 72.7 72.0 74.6 72.8 68.8
.19 .16 .18 .18 .09 .20 .20
AljO j 16.1 16.0 15.8 16.3 14.6 15.8 18.2
FeaOj 1.9 1.4 1.9 1.7 1.0 2.4 2.5
MgO .6 .4 .5 .5 .2 .6 .6
CaO 2.3 2.1 1.9 2.0 2.0 2.6 3.6
Na%0 3.4 3.9 3.4 3.9 3.4 3.3 4.0
3.5 3.7 3.4 3.4 3.3 3.1 2.6
Total 100.19 99.96 99.78 99.98 99.19 100.80 100.50
*Ferrous Iron was not determined for these samples 
represent total iron.
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Samples Y and EE f a l l  c lose to trends de fined  by the o th e r  samples 
(F ig .  8) but have more s i l i c a  and less m afic  c o n s t itu e n ts .  These samples 
probably represent fu r t h e r  local d i f f e r e n t ia t io n  o f  the Mount Powell 
b a t h o l i t h .
Analyses o f  the whole rock major oxides c le a r ly  show v e r t ic a l  comp­
o s i t io n a l  v a r ia t io n  in the Royal stock (F ig .  10 ).  This zoning agrees w ith  
the d ens ity  v a r ia t io n  o f  the Royal stock as more m afic  m a te r ia l  is  found 
near the margins and h igh er e le v a t io n s  (F ig .  6 ) .  This zoning is g e n e ra l ly  
p a r a l le l  to  the in fe r re d  ro o f . No m in era lo g ic a l zoning was d e te c te d ,  
presumably because the range o f  chemical v a r ia t io n  is not la rge  enough to  
cause s u f f i c i e n t  v a r ia t io n  in the mineralogy o f  the Royal stock to  be 
d etec tab le  o u ts id e  o f  the a n a ly t ic a l  e r r o r .  The cross section  showing 
K^O contents (F ig ,  10) suggests th a t  samples A and J may most n e ar ly  
represent the o r ig in a l  potassium content o f  the magma. Below the s h e ll  
defined by these two values there  appears to be a zone from which potassium  
was s e le c t iv e ly  removed.
Zoning s im i la r  to th a t  e x h ib ite d  in the Royal s tock , although less  
c le a r ly  d e fin e d , is present in the northern p a rt  o f  the Mount Powell bath­
o l i t h  where the g ra d a tio n a l t r a n s i t io n  between the two plutons Is be liev ed  
to  occur (F ig .  10 ). A lle n  (1962) has suggested th a t  in th is  t r a n s i t io n a l  
zone near East Goat Mountain the Mount Powell b a th o l i th  has in truded the  
Royal stock and s t r u c t u r a l ly  domed i t  to the east and w est. I t  is  be liev ed  
th a t the Mount Powell b a th o l i th  broke through the Royal stock in th is  a rea .
I t  is  not possib le  to  prove i f  v e r t ic a l  zoning is present in the 
southern p a r t  o f  the Mount Powell b a th o l i th  as only seven chemical analyses  
were performed on w id e ly  s c a tte re d  rocks. The c o rre la t io n s  o f  dens ity  
( in c re a s in g  density  w ith  increasing e le v a t io n  in the northern p a r t  o f  the
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Mount Powell b a th o l i th  and increas ing d ens ity  w ith  decreasing e le v a t io n  in 
the southern p o r t io n ,  p a r t i c u l a r ly  deep in the Racetrack Creek V a l le y )  
w ith  e le v a t io n  in the Mount Powell b a th o l i th  suggests v e r t ic a l  compositional 
zoning may a ls o  be present in th is  body. This weaker zoning shown by the 
Mount Powell b a th o l i th  is compatable w ith  the proposed o r ig in .  The c lo s e r  
a g r a n i t i c  magma approaches i t s  minimum m elt composition, the more d i f f i c u l t  
i t  is fo r  th a t  magma to  undergo fu r th e r  changes in composition. The Mount 
Powell b a th o l i th  should show sm a lle r  changes in composition than the Royal
stock because when emplaced i t  was a t  a more advanced stage o f  d i f f e r e n t ia t io n
. «
than the Royal stock.
A s s im ila t io n  o f  m afic  country rock has been invoked by some workers 
as an ex p la n a t io n  o f  the o r ig in  o f  concentr ic  compositional zoning in some 
g r a n i t i c  plutons (Compton, 1955; Reesor, 1958). However, there  are  severa l  
l in es  o f  evidence which suggest a s s im ila t io n  o f  country rock is not 
responsib le fo r  the chemical v a r ia t io n  observed in the Royal stock and Mount 
Powell b a th o l i th .
1. X en o lith s  are very ra re  in the Royal stock and com plete ly absent 
in the Mount Powell b a th o l i th .
2 .  Both plutons have a homogeneous igneous te x tu re  (hypid iom orphic-  
g ran u la r)  which im plies th a t  i f  any la rge  q u a n t ity  o f  r e la t i v e ly  m afic  
country rock was a s s im ila te d ,  i t  was completely fused and dispersed in to  the 
surrounding magma. T o ta l m eltin g  and d ispers ion  o f  r e l a t i v e l y  m afic  m a te r ia l  
in a g r a n i t i c  magma is su b je c t to  form idable thermal problems not encountered  
by in p lace d i f f e r e n t i a t i o n .
3. Country rock in contact w ith  the Royal stock and Mount Powell 
b a th o l i th  ranges from q u a r t z i t e  to  limestone in composition (A l le n ,  1982). 
A s s im ila t io n  o f  such chem ically  d iverse  rocks would not tend to  produce
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bodies as m in e ra lo g ic a l1 y  homogeneous as the Royal stock and Mount Powell 
b a t h o l i t h .
4 .  The o u te r  po rt io n s  o f  the Royal stock being enriched In K2O 
r e la t i v e  to  the In t e r i o r  po rt ion s  Is not e x p la in a b le  by a s s im ila t io n  
o f  more m afic  country rock.
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Chapter 7 
BIOTITE CHEMISTRY
Sample P re p ara tion
B fo t î te s  from the <40 b u t > 80 mesh s iz e  s p l i t  o f  the ground whole rock 
were i n i t i a l l y  concentrated w ith  a Franz isodynamic s e p a ra to r .  The concen­
t ra te s  were then crushed, but not ground, by v e r t ic a l  pounding o f  a p e s t le  
in a large p o rc e la in  m o rtar . This sh a tte re d  any inclus ions and compound 
gra ins  present but d id n ' t  ap prec iab ly  reduce the s iz e  o f  the b l o t i t e  f la k e s .  
The samples were then u l t r a s o n ic a l ly  v ib ra te d  in d i s t i l l e d  w ater  fo r  severa l 
minutes to  shake loose any extraneous m a te r ia l  and separate  the in d iv id u a l  
b i o t i t e  g ra in s  which tended to  form c lu s te rs  a f t e r  the crushing procedure. 
The samples were then d r ie d  and s ie v e d , w ith  the >115 mesh p o rt io n  being  
fu r th e r  concentrated by repeated passes through the Franz isodynamic 
s e p a ra to r . Heavy l iq u id s  were not needed and hand p ick in g  was necessary  
on ly  fo r  samples Y and Z , which appeared to be p a r t ly  a l te r e d  under the 
microscope. F in a l sample p u r i ty  from m icroscopic v is u a l estim ates is  
b e liev ed  to  be 99% o r  b e t t e r ,  although a few inc lus ions o f  a p a t i t e  or  
muscovite and some compound g ra in s  were s t i l l  p resent.
Occurrence o f  B io t i t e  and Muscovite
B i o t i t e  is  the on ly  prim ary ferromagnesian s i l i c a t e  present in the 
Royal stock and Mount Powell b a th o l i th .  The good c o r r e la t io n  between the 
amount o f  b i o t i t e  present and the MgO content o f  the whole rock (F ig .  11) 
suggests the a v a i l a b i l i t y  o f  magnesium was the l im i t in g  fa c to r  in b i o t i t e
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Figure 11* R e la t io n  between abundance o f  b lo t  I te  
and magnesium content o f  host rock. S o lid  c ir c le s  
represent Royal stock samples and open c i r c le s  
represent Mount Powell samples.
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fo rm atio n . I r o n ,  s i l i c a ,  potassium, and aluminum are present In excess o f  
the amount requ ired  fo r  b i o t i t e  form ation and appear as q u a r tz ,  m ag n etite ,  
and ia te -s ta g e  potassium fe ld s p a r  and muscovite re s p e c t iv e ly .  B io t i t e  
is  much more p re v a le n t  than muscovite In the Royal s to ck , whereas both are  
present in subequal amounts in the Mount Poweil b a th o l i th  (Table  i ) .
In  a i l  m uscovite-bearing  samples b i o t i t e  and muscovite are  c lo s e ly  
as s o c ia te d . Muscovite cuts across b i o t i t e  gra ins  a t  high o r  low ang les ,  
truncates  o r  in te r f in g e r s  w ith  the ends o f  some books, o r  p a r t i a l l y  rims 
o r  appears as inc lus ions  in the b i b t i t e .
Much o f  the muscovite in the Royal stock appears to  be secondary, as 
i t  is f in e -g ra in e d ,  in many cases i n t e r s t i t i a l ,  and has a " r a t t y "  appearance. 
The opposite  can be sa id  f o r  most o f  the muscovite In the Mount Powell 
b a th o l i th .  Th is  muscovite may, on the basis o f  te x tu ra l  ev idence , be 
e i t h e r  prim ary ( i . e .  c r y s t a l l i z e d  from a s i l i c a t e  m elt) o r  be the product 
o f  d e u te r ic  a l t e r a t io n .  I t  seems reasonable th a t d e u te r ic  processes ac tin g  
over a long p erio d  o f  time and in the presence o f  abundant f lu id s  could  
produce muscovite which looks prim ary . I t  has been suggested th a t  primary  
magmatic muscovite may form only  in deep seated g r a n i t i c  rocks (egiHyndman, 
1972). As these plutons are ep izonal and m yrmekite, which may a lso  be a 
la te  stage replacement phenomenon, is  p res en t, i t  is b e liev ed  th a t  a l l  
the muscovite is  o f  d e u te r ic  o r ig in .
The presence o f  more and la rg e r  muscovite c ry s ta ls  in the Mount 
Powell b a th o l i th  than in the Royal stock agrees w e ll  w ith  the proposed 
sep ara tion  o f  a more d i f f e r e n t i a t e d ,  and presumably more f l u i d - r i c h  magma 
from i t s  e a r l i e r - c r y s t a l l i z e d  s h e l l .  The f l u i d - r i c h  nature o f  the magma 
would in h ib i t  n u c lé a tio n  o f  c ry s ta ls  and a id  c ry s ta l  growth by a llow ing  
fu r th e r  and fa s te r  d i f fu s io n  o f  ions to  the growing c ry s ta ls  (eg:Hyndman, 
1972).
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The b i o t i t e  is g e n e ra l ly  evenly  disseminated throughout the rock 
(exc lud ing  m egacrysts ), although i t  may impart a f o l i a t i o n  near the borders  
o f  the Royal s to ck . The h a b it  ranges from m oderately th in  p la te s  to  
m oderately th ic k  books. B io t i t e s  from a l l  samples have the same h a b its .
Most g ra ins  a re  f re s h ,  but in te r la m in a t io n  w ith  c h lo r i t e  o r  a l t e r a t io n  o f  the 
edges o f  c ry s ta ls  to  c h lo r i t e  and ep ido te  is a lso  presen t. Common 
in c lus ion s  in the b i o t i t e  are  z i r c o n ,  m ag n etite , a p a t i t e ,  and muscovite. 
O p tica l P ro p e rt ie s  o f  the B l o t i tes
The most p re v a le n t  b i o t i t e  in a l l  samples has the p le o c h ro ic  scheme 
X = l ig h t  y e llo w  and Y -  Z « dark brown w ith  X <Y » Z. In samples M, R, and 
S which are located  tn the contact zone between the two p lu to n s , a second 
b i o t i t e  has the p le o c h ro ic  scheme X = l ig h t  y e llo w  and Y = Z = dark green 
w ith  X <Y a Z . Th is second b i o t i t e  is  always found In c lose asso c ia t io n  w ith  
muscovite from which i t  may be growing, however, one g ra in  was g ra d a t io n a l  
in to  a normal b i o t i t e .  This green b i o t i t e  is present in very minor 
q u a n t i t ie s  in samples M and R, but in sample S i t  forms about 5% o f  the  
to ta l  b i o t i t e .  As the chemical an a ly s is  fo r  sample S (Table  3) is very  
s im i la r  to  o th e r  nearby samples and the green b i o t i t e  was probably  
separated w ith  the m uscovite, i t  is b e liev ed  th is  second b i o t i t e  has no 
e f f e c t  on the chemical a n a ly s is .
R e fra c t iv e  in d ices/é.(P+30 fo r  a l l  the b lo t i t e s  are  very s im i la r ,  
f a l l i n g  in the range 1.642 to 1 .648 . The estim ated e r r o r  o f  ^  .002 in the 
determ inations makes th is  data u n su itab le  fo r  determining tre n d s . O ptic  
a x ia l  angles o f  a l l  samples are very s im i la r  and less than 15^*
Composition o f  the Blo t î t e s
Chemical analyses o f  b l o t i t e s  (Tab le  3) were performed In the same 
manner as the whole rock analyses. S tru c tu ra l  formulae were c a lc u la te d
Sample
s ;o ,
TiOjE;
MgO
CaO
Na,0
K.O
Total
SI
AI
AI
Fe
TÎ
Mg
Fe
Ca
Na
K
Table 3« B iotite  analyses 
C O E  
Chemical analyses
38.2
2.74
17.8
3.0
15.7
12.1
.3
.1
9.2
99.14
38.3 
2.83  
18.8 
2.7
16.3 
11.8
.5
. 1
_ 9 J
IÔÔT?3
38.0
2.73
18.5 
2.4  
16.8
11.5 
.3  
.1
9 .6
38.1
2.96
18.6
2 .7
16.7 
1 1 . 1
.5
. 1
9.5
100.2699.93 
Structural formulae
38.1
2.81
18.0
3.1
15.6
12.1
.3
95 3 1
37.9
2.83
18.8
3.5
15.4
11.4 
.6 
. 1
9.5  
100.03
37.3
2.79
18.8
2.8
17.1
10.8
.5
. 1
8.9
99.09
H
37.3
2.78
18.6
2.1
17.2
10.7
.4
9 ? 3 8
2.75 4.00 2.72 4.00 2.73 4.00 2.73 4.00 2.73 4.00 2.71 4.00 2.70 4.00 2.72 4.00
1.25 1.28 1.27 1.27 1.27 1.29 1.30 1.28
.26 .29 .30 .30 .25 .29 .30 .32
.16 .14 .13 .15 .17 .19
2.76
.15
2.80
.12
2.80.15 2.81 .15 2.80 .15 2.82 .16 2.79 .15 2.79 .15 .15 .15
1.30 1.25 1.23 1.18 1.29 1.21 1.17 1.16
.94 .97 1.01 1.00 .93 .92 1.03 1.05
.02 .04 .02 .04 .02 .05 .04 • .03
,01 .87 .01 .88 .01 .91 .01 .92 .01 .92 .01 .93: .01 .87 .01 .92
.84 .83 .88 .87 .89 .87 .82 .88
Atomic ratios
F e T 6.7
5.9 5.5 6.4 7.1 8.2 6 .4 5.1
Fe++ 39.2 41.4 42.6 42.9 38.9 39.7 43.8 44.9
Mg 54.1 53.0 51.9 50.6 54.0 52.1 ■ 49.8 50.0
Fe/(Fe+Mg) 45.9 47.3 48.1 49.3 46.0 47.9 50.2 50.0
\jO
Ul
Table 3* — Continued
Sample
SIO,
TIC,E;
MgO
CaO
Na,0
K g l ,
Total
J K L M
Chemical analyses
N P R S
37.5 37.7 37.1 37.2 37.4 37.8 37.2 37.8
2.82 2.85 3.01 2.77 2.67 2.73 2.67 2.74
18.0 19.2 18.5 18.2 19.0 19.4 19.0 18.7
2.8 2.8 3.1 2.2 2.1 2.2 2.2 2.9
16.9 17.2 17.9 18.2 17.9 18.4 18.4 17.8
11.4 11.2 10.0 10.9 10.6 10.5 10.4 10.4
.7 .9 .3 .4 .3 .4 .4 .2
.1 .1 .1 .1 .1 .1 .1 .1
9.7 9.4 9.3 9.0 9.0 9.3 9.2 9.6
99.92 101.35 99.31 9C 97 99.07 I Ô O 3 99.57 100.24
Structural formulae
SI
A1
AI
Fe
I !
Mg
Fe
Ca
Na
K
2.71
1.29 4.00
2.68
1.32 4.00
2.70
1.30 4.00
2.71
1.29 4.00
2.71
1.29 4.00
2.70
1.30 4.00
2.70
1.30 4.00
2.72
1.28 4.00
.24 .28 .29 .27 .33 .33 .32 .31
.15 .15 .17 .12 .11 .12 .12 .16
.15 2.79 .15 2.78 .16 2.79 .15 2.83 .15 2.81 .15 2.82 .15 2.82 .15 2.81
1.23 1.18 1.08 1.18 1.14 1.12 1.12 1.12
1.02 1.02 1.09 1.11 1.08 1.10 1.11 1.07
.05 .07 .02 .03 .02 .03 .03 .02
.01 .95 .01 .93 .01 .89 .01 .88 .01 .86 .01 .89 .01 .89 .01 ,91
.89 .85 .86 .84 .83 .85 .85 .88
Atomic ratios
Fe
F e ^
Mg
Fe/(Fe+Mg)
6.2 6.4 7.3 5.0 4.7 5.1 5.1 6.8
42.5 43.4 46.6 46.1 46.4 47.0 47.2 45.5
51.3 50.2 46.1 48.9 48.9 47.9 47.7 47.7
48.7 49.8 53.9 51.1 51.1 52.1 52.3 52.3 VaION
Sample
Table 3* — Continued 
V W
Chemical analyses
SIO,
TIG,
ê
MgO
CaO
Na.O
K,0
TStJl
36.9 37.3 38.0 37.3 37.7 37.6 38.1
2.74 2.67 2.73 2.78 2.66 2.55 2.68
18.6 18.5 18.5 18.8 18.9 18.8 18.4
2.9 2.3 2.6 2.5 3.0 4.9 2.3
18.1 18.0 17.8 17.6 18.0 17.8 18.4
10.0 10.3 9 .9 10.0 9 .7 9 .8 9.5
.2 .3 .2 .3 .4 .6 .6
.1 .1 .1 .1 .1 .1 .1
9 .8 9 .8 9 .7 9.7 9.2 7.1 8.5
99.34 99.27 99.53 99.08 99.25 9BT58
Structural formulae
:i J
2.70
1.30 4.00
2.72
1.28 4.00
2.75
1.25 4.00
2.72
1.28 4.00
2.73
1.27 4.00
2.71
1.29 4.00
2.77
1.23 4.00
.30 .31 .33 .33 .34 .31 .35
.16 .13 .14 .14 .16 .27 .13
Tl ‘ Y .15 2.80 .15 2.81 .15 2.77 .15 2.77 .15 2.78 .14 2.84 .15 2.78
1.09 1.12 1.07 1.08 1.04 1.05 1.03
Fe++ J 1.10 1.10 1.08 1.07 1.09 1.07 1.12
Ca 1 .02 .02 .02 .02 .03 .05 .05
Na .01 .94 .01 .94 .01 .93 .01 .93 .01 .89 .01 .71 .01 .85
K .91 .91 .90 .90 .85 .65 .79
Atomic ratios
F e : r 6 .8 5.5 6.1 6.1 7.0 11.3 5.7
F e ^ 46.8 46.8 47.2 46.7 47.6 44.8 49.1
Mg 46.4 47.7 46.7 47.2 45.4 43.9 45.2
Fe/(Fe+Mg) 53.6 52.3 53.3 52.8 54.6 56.1 54.8 w
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(Tab le  3) based on a u n i t  c e l l  o f  e leven oxygens w ith  w ater  not considered.
The la rg e  tw e lve -co o rd in a ted  c a t io n s ,  Ca, Na, K, o f  the X group 
range from .8 5  to  .95  w ith  the exception o f  sample Y which is p a r t i a l l y  
w eathered. The X group cations supply charges ranging from ,8 8  to  1 .0 0 .
Na is  constant a t  .0 1 ,  Ca ranges from .02 to  .0 7 ,  and K v a r ie s  from .79  
to  .91 w ith  most values ranging from ,83  to  .9 1 .
The Y group ca tions F e ^ ,  Fe***^, Mg, T i , and A1, occupy from 2 .7 8  to
2 .8 3  o f  an idea l 3 .00  octahedra l s i t e s .  Of these elements on ly  Ti remains 
constant a t  .1 5 .  The g re a te s t  v a r ia t io n  is  shown by Fe and Mg which range
from ,92  to  1.12 and from 1.03 to  1.30 re s p e c t iv e ly .  Excluding sample Y ,
-i-1 ^
Fe v a r ie s  randomly from .11 to  .19  and A1 ranges from .24  to  .3 5 .
The te t r a h e d r a l ly  coordinated Z group o f  elements consists  e n t i r e ly  
o f  Si and A1 w ith  Si vary ing  from 2 .6 8  to 2 .75  and A1 ranging from 1.23  
to  1. 32. Presumably a l l  fo u r  s i te s  are f i l l e d .
With the exception o f  Iron and magnesium co nten ts , a l l  the b lo t i t e s  
are  very s im i la r .
P.etrogenesis o f  B lo t i te s
Experimental work by Wones and Eugster (1965) demonstrates the e f f e c t  
o f  oxygen fu g a c lty  on the synthesis and re s u lta n t  composition o f  b lo t i t e s  
6n the p h lo g o p ite -a n n ite  J o in . I f  i t  is  assumed th a t  s u b s t itu t io n s  o th e r  
than Fe > Mg w i l l  not g r e a t ly  in f lu e n ce  b i o t i t e  s t a b i l i t y ,  a p p l ic a t io n  o f  the  
experim ental data o f  Wones and Eugster (1965) to  b lo t  1 tes from the Royal 
stock and Mount Powell b a th o l i th  may perm it an ev a lu a tio n  o f  the oxygen 
fu g a c i t ie s  and temperatures during c r y s t a l l i z a t io n  o f  these p lu to ns .
When p lo t te d  on the compositional t r ia n g le  F e ^ ^ -F e ^ -M g  (F ig .  12) 
the data  appear ambiguous as to  whether the oxygen fu g a c it ie s  fo llow ed a 
“ b u f fe r  curve*' (Dodge, Smith, and M ays,1969), where the b u f fe r  remains
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Fe +++
Fe
50 50
SiO
++ Mg
Figure 12. R e la t io n  o f  Fe  ̂ -  Fe -  Mg contents o f  Royal stock and 
Mount Powell b l o t i t e s .  Dashed lin es  represent compositions o f  "buffered '*  
b i o t i t e s  in the te rn a ry  system KFe't^AlSi-O.^H.^ -  KFet^AlS Î «0 . q (OH)  ̂ “ 
K M g _A lS i,0 ,.(0H )_  depicted by Wones and Eugster (1965 , F ig . l ) .  Open 
c ir c le s  represent Mount Powell b io t i t e s  and closed c ir c le s  represent Royal 
stock b i o t i t e s .  Two poss ib le  trends are shown. The trend along l in e  A 
Is  th a t  o f  a " b u f fe r  curve" w h ile  the trend along l in e  B 
o f  a change in b u f fe r .
is suggestive
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constant and the associated  fg decreases w ith  decreasing tem perature , o r
2
the b u f fe r  changed s l i g h t l y  during c r y s t a l l i z a t i o n .  Other ev idence , however, 
s tro n g ly  suggests th a t  the oxygen fu g a c it ie s  foMowed a " b u f f e r  curve"  
during c r y s t a l l i z a t i o n :
1* AM b i o t i t e s  co e x is t  W ith potassium fe ld s p a r  and m agnetite .
The fo u r  phases, b i o t i t e ,  potassium fe ld s p a r ,  m ag n etite , and me1t(whlch  
contains w a t e r ) , a c t  as fg b u ffe rs  (Wones and E ugster, 1965).
2 ,  Changes in the s i l i c a t e  m ineralogy agree w ith  the oxygen fugac­
i t i e s  fo l lo w in g  a " b u f f e r  cu rve". The Mount Powell b a th o l i th  Is enriched  
in q u a r tz ,  potassium fe ld s p a r ,  and the sodic component o f  p la g lo c la s e  
r e la t iv e  to  the Royal stock and presumably c r y s t a l l i z e d  at lower temperatures. 
B io t i te s  from the Mount Powell b a th o l i th  are  more i r o n - r ic h  than those from 
the Royal stock (Tab le  3 )•
I f  the oxygen fu g a c it ie s  fo llow ed a " b u f fe r  curve" as suggested by the  
previous ev idence, then the temperature v a r ia t io n s  w i l l  be re f le c te d  in 
the b i o t i t e  compositions. More i r o n - r ic h  b io t i t e s  w i l l  be c r y s t a l l i z e d  as
f .  decreases w ith  decreasing tem perature.
Ü2
A c ro s s -s e c t io n a l p lo t  o f  Fe/(Fe+Mg) ra t io s  o f  the b io t i t e s  along the  
l in e  o f  samples (F ig .  13) shows contours o f  equal composition to  be 
p a r a l le l  to the in fe r re d  roof o f  the Royal s tock. The lower Fe/(Fe+Mg) 
ra t io s  nearest the margins o f  the Royal stock in d ic a te  th a t  the margins 
c r y s t a l l i z e d  at h ig h e r temperatures than the i n t e r i o r  o f  the p lu to n . The 
more m afic  margins o f  a p lu ton d i f f e r e n t ia t in g  in place should c r y s t a l l i z e  
a t  h igher temperatures than the more d i f f e r e n t ia t e d  i n t e r i o r .  The contours 
o f  equal Fe/(Fe+Mg) ra t io s  fo r  the b io t i t e s  from the northern p a r t  o f  the 
Mount Pcwell b a th o l i th  show a general Iro n  enrichment trend both toward 
the in t e r i o r  o f  the p luton and w ith  increas ing depth. The iron  enrichment
Royal Stock T ransitional Zone Mount Powell Batholith
NORTH
A B C
SOUTH
#10000
5 a - g = ^ - ^
Miles
Figure 13. Contoured cross-sectional plot of Fe/(Fe+Mg) x 100 ratios of b iotites  interpreted as showing 
vertica l thermal zoning. Dashed line is the estimated original position of the roof of both plutons. 
Note that the contours are generally paralle l to the estimated roof.
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Figure 14. S t a b i l i t y  o f  b io t i t e s  o f  s p e c i f ic  Fe/(Fe+Mg) values  
as a fu n c tion  o f  oxygen fu g a c ity  and temperature a t  2070 bars 
t o t a l  pressure. Heavy l in e s  represent contours o f  constant 
100 X  Fe/(Fe+Mg) va lues . L ightw eight l in es  and dotted lin e s  
d e p ic t b u f fe r  curves. Diagram from Wones and Eugster (1965,
F ig . 4 ) .
Although the thermodynamic parameters are d i f f e r e n t  between the  
Ni-N iO b u f fe r  and the b u ffe r in g  compounds in the magma i t  is 
b e liev ed  the slopes are s im i la r  because AS^ is probably p o s it iv e  
fo r  a l l  b u f fe rs .  This is reasonable as the entropy change is 
p r im a r i ly  due to  oxygen re le a s e . T h e re fo re , the shaded area  
represents the F02 and temperature trends o f  the c r y s t a l l i z in g  
magma.
A3
trends suggest th a t  both plutons were undersaturated w ith  respect to w ater.
A maximum temperature range o f  50° C in temperature o f  c r y s ta l l i z a t io n  
o f  b io t i t e s  between the Royal stock and Mount Powell b a th o lith  is suggested 
(F ig .  lA). The pred icted oxygen fu g a c it ie s  are s l i g h t ly ,  w ith  the 
exception o f  sample Y , above those defined by the Ni -  NiO b u ffe r  (F ig .  12).
C o rre la t io n  between Fe/(Fe+Mg), an in fe rre d  temperature in d ic a to r ,  and 
other elements is ge nera lly  poor, w ith  the exception o f  octahedral A1 which 
increases w ith  Increasing Fe/(Fe+Mg). This trend has also been noted by 
Dodge, Smith and Mays ( I 969) .
The b io t i t e  data are in agreement w ith  the proposed o r ig in  o f  both 
plutons. The tem perature-ind icating  Fe/(Pe+Mg) ra tio s  suggest th a t a 
v e r t ic a l  thermal zonation was present in the Royal stock during c r y s ta l l i z a t io n .  
The Fe/(Fe+Mg) ra t io s  also suggest temperatures o f  b io t i t e  c r y s ta l l i z a t io n  
g ra d a t io n a l ly  decrease from the Royal stock in to  the Mount Powell bath­
o l i t h .  As expected, in fe rre d  temperatures o f  b i o t i t e  c r y s ta l l i z a t io n  are  
gradational between the margins o f  a pluton and i t s  p a r t i a l l y  separated  
core.
44
C h a p t e r  8  
CONCLUSIONS
S t r u c t u r a l ,  d e n s i t y ,  a n d  w h o l e  r o c k  c h e m i c a l  d a t a  s u g g e s t  t h a t  t h e  
R o y a l  s t o c k  r e p r e s e n t s  t h e  t o p  o f  a v e r t i c a l l y  z o n e d  p l u t o n  w h i c h  has  
d i f f e r e n t i a t e d  I n  p l a c e .  B i o t i t e  c h e m i s t r y  s u g g e s t s  t h a t  t h e  R o y a l  s t o c k  
magma was b u f f e r e d  w i t h  r e s p e c t  t o  t h e  o x y g e n  f u g a c l t y  a n d  c o o l e d  f r o m  
t h e  m a r g i n s  i n w a r d ,  w i t h  h i g h e r  t e m p e r a t u r e s  o f  c r y s t a l l i z a t i o n  n e a r e s t  
t h e  m a r g i n s .  T h e  s o l i d i f i e d  m a r g i n s  o f  t h e  R o y a l  s t o c k  p r o b a b l y  f o r m e d  
an I m p e r v i o u s  s h e l l  w h i c h  s e a l e d  I n  v o l a t i l e s  a n d  a l l o w e d  d i f f e r e n t i a t i o n  
i n  p l a c e  t o  p r o g r e s s .  T h e r e  I s  n o  e v i d e n c e  t o  s u g g e s t  t h a t  t h e  z o n i n g  
i n  t h e  R o y a l  s t o c k  was  c a u s e d  b y  a s s i m i l a t i o n  o f  c o u n t r y  r o c k .
G r a d a t i o n a l  w h o l e  r o c k  a n d  b i o t i t e  c h e m i s t r y ,  a l o n g  w i t h  s i m i l a r  
m i n e r a l o g i e s ,  s u g g e s t  t h e r e  i s  a  c l o s e  g e n e t i c  r e l a t i o n s h i p  b e t w e e n  t h e  
R o y a l  s t o c k  a nd  M o u n t  P o w e l l  b a t h o l i t h .  T h e  M o u n t  P o w e l l  b a t h o l i t h  I s  
I n t e r p r e t e d  as  b e i n g  t h e  m o r e  d i f f e r e n t i a t e d  d e e p e r  p o r t i o n  o f  t h e  R o y a l  
s t o c k  magma w h i c h ,  p o s s i b l y  d ue  t o  g r a v i t a t i o n a l  I n s t a b i l i t y ,  b r o k e  
t h r o u g h  t h e  s o l i d i f i e d  s o u t h e r n  s i d e  o f  t h e  R o y a l  s t o c k  a n d  was e m p l a c e d  
as  a  s e p a r a t e  p l u t o n .  I t  i s  s u g g e s t e d  t h a t  t h e  M o u n t  P o w e l l  b a t h o l i t h  may  
b e  s h e e t - l i k e  i n  f o r m  a n d  o n l y  o n e  o r  t w o  m i l e s  t h i c k .
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APPENDIX 1 
MODAL ANALYSES
Both unstained th in  sections and sawn slabs s ta in e d  w ith  sodium 
c o b a i t i n i t r i t e  were p o in t  counted w ith  a mechanical s tage . The slabs were 
sta ine d  according to  the technique used by Ehinger (1 9 7 1 ) .
Random trav erses  w ith  a d is tan ce  o f  0 .3 3  mm between po ints  were made 
across the s ta in e d  slabs u n t i l  2000 counts were made. The large a lk a l i  
fe ld s p a r  megacrysts in the Mount Powell b a th o l i th  made some slabs un su itab le  
fo r  counting . I t  is b e lie v e d  th a t  the modal analyses from the Mount Powell 
b a th o l i th  are only usefu l fo r  q u a l i t a t i v e  deductions. The more homogeneous 
slabs o f  the Royal stock are much b e t te r  s u ite d  fo r  modal analyses and i t  
is be liev ed  the re s u lts  are  f a i r l y  r e l ia b le *
Thin  section  p o in t  counts, b e liev ed  to be more accurate fo r  r e la t iv e  
b i o t i t e  and muscovite co n ten ts , were done using re g u la r ly  spaced traverses  
across a th in  sec tio n  w ith  a d is tan ce  o f 0 .1  mm between p o in ts .  A to ta l  
o f 1440 counts were made fo r  each th in  s e c t io n .
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APPENDIX I I  
CHEMICAL ANALYSES
General Sample Preparation
Rock samples were crushed In a chipmunk crusher and then ground to  
f in e r  s ize  in a d isc g r in d e r .  Whole rock s p l i t s  were then removed and the 
remainder o f  the rock sieved in to  s iz e  fra c t io n s  o f  > 4 2 , <42 and > 8 0 , and 
<80 mesh. The whole rock s p l i t s  were used fo r  whole rock chemical analyses 
and magnetic s u s c e p t ib i l i t y  measurements. For chemical analyses the whole 
rock s p l i t s  were repeatedly s p l i t  w ith  a sample s p l i t t e r  u n t i l  the desired  
amount o f  sample was present. This portion  was then ground in a tungsten 
carbide b a l l  m i l l  fo r  approximately one minute. Any iron contamination  
introduced by crushing and grind ing could not be removed due to the presence 
o f  m agnetite . The b io t i t e s  were separated from the <40 and >80 mesh f ra c t io n s .  
Ferrous Iron Determinations
Ground whole rock samples and pure b i o t i t e  s p l i t s  were dried  over­
n ight a t  100^ C and then enough sample to contain 15 to 20 mg o f FeO was 
placed in a polypropylene b o t t le .  A c a re fu l ly  measured volume (u su a lly  20 
ml) o f  a NH^VOg s o lu t io n ,  prepared by d isso lv ing  3.256 g o f  NH^VO  ̂ in a 
so lu tion  o f 125 ml d i s t i l l e d  w ater and 25 ml o f  conc. Hg^O^ and then 
d i lu t in g  to  1000 ml, was added to the b o t t le .  Next 20 ml o f  1:3 HgSO  ̂
and 5 to  10 ml o f  48% HF were added and the b o tt le s  were capped and placed  
in an oven a t 90^ C o vern ig h t. The next day 10 ml o f  1:3 H^PO^ and 5 drops 
o f  sodium diphenylammine-sulfonate in d ic a to r  s o lu t io n , prepared by d isso lv ing  
0.1 g o f  sodium diphenylammine-sulfonate in 10 ml o f  conc. Hg^O^, were
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a d d e d .  T h e  s a m p l e  w as  t h e n  t i t r a t e d  w i t h  a  F e ^  s o l u t i o n  p r e p a r e d  b y  
d i s s o l v i n g  12.0  g  o f  F e ( N H ^ ) 2 ( S 0|^ )2 * 6H2C i n  a s o l u t i o n  o f  500 ml o f  
d i s t i l l e d  w a t e r  a n d  10  ml o f  c o n c .  H2S0^ a n d  d i l u t i n g  t o  1 0 0 0  m l .  T h e  
w t .  % FeO w a s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  f o r m u l a e :
S t a n d a r d i z a t i o n  F a c t o r  =  F
-  ^  ml  o f  W H lyO^ u s e d  i n  t h e  b l a n k  s o l u t i o n
*  ml o f  F e ^ +  U sed  I n  t h e  b l a n k  s o l u t i o n
_  ( m l  N H j .V O , )  -  ( m l  F e * * )  ( F )  x  2 0 0
s a m p l e  w t ^ i n  mg :
A t  l e a s t  t w o  t i t r a t i o n s  w e r e  p e r f o r m e d  o n  e a c h  s a m p l e  a n d  t w o  b l a n k s ,  
f r o m  w h i c h  t h e  s t a n d a r d i z a t i o n  f a c t o r  I s  c a l c u l a t e d ,  w e r e  ru n  w i t h  e a c h  
b a t c h  o f  s a m p l e s .
I t  I s  b e l i e v e d  t h e  FeO c o n t e n t s  o f  t h e  w h o l e  r o c k  a r e  a c c u r a t e  t o  
^  0 . 1 %  a n d  t h e  FeO c o n t e n t s  o f  t h e  b i o t i t e s  a r e  a c c u r a t e  t o  0 . 2 %  o f  t h e  
t o t a l .
S o d i u m  a n d  P o t a s s i u m  A n a l y s e s  U s i n g  t h e  F l a m e  P h o t o m e t e r
T h e  b i o t i t e  a n d  g r o u n d  w h o l e  r o c k  s a m p l e s  w e r e  h e a t e d  f o r  3 h o u r s  a t  
1050® C t o  o x i d i z e  a l l  f e r r o u s  I r o n  a n d  d r i v e  o f f  a l l  t h e  w a t e r  p r e s e n t .  As 
s e v e r a l  d a y s  p a s s e d  b e t w e e n  o x i d a t i o n  an d  d i s s o l u t i o n  a l l  s a m p l e s  w e r e  d r i e d  
o v e r n i g h t  a t  1 0 0 ^  C b e f o r e  d i s s o l u t i o n .  E n ough  s a m p l e  t o  p r o d u c e  a  s e v e r a l  
p a r t  p e r  m i l l i o n  (ppm )  s o l u t i o n  w h en  d i l u t e d  t o  t h e  d e s i r e d  v o l u m e  was  
w e i g h e d  o u t  I n t o  a  p l a t i n u m  c r u c i b l e  a n d  d i s s o l v e d  I n  a h e a t e d  m i x t u r e  o f  
c o n c .  HF a n d  H C I O ^ ,  t h e  e x a c t  p r o p o r t i o n s  o f  w h i c h  v a r i e d  c o n s i d e r a b l y  
f r o m  s a m p l e  t o  s a m p l e .  T h i s  s o l u t i o n  was  e v a p o r a t e d  t o  d r y n e s s  a n d  t h e  
r e s i d u e  r e d l s s o l v e d  I n  h e a t e d  c o n c .  H C IO ^  a n d  t h e n  d i l u t e d  t o  10 0  ml i f  t h e  
s a m p l e  w as  a b i o t i t e  o r  t o  250 ml I f  t h e  s a m p l e  w as  a w h o l e  r o c k .
S e v e r a l  s t a n d a r d s  r a n g i n g  f r o m  0 t o  10 ppm w e r e  p r e p a r e d  f r o m  a  
s t o c k  s o l u t i o n  a n d  u s e d  t o  d e f i n e  a w o r k i n g  c u r v e .  USGS s t a n d a r d s  ( G - 2
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a n d  G S P - I ) »  b l a n k s  a n d  r e p l i c a t e  s a m p l e s  w e r e  r u n  w i t h  e a c h  b a t c h  o f  s a m p l e s  
a n d  s u g g e s t  t h e  a c c u r a c y  o f  t h e  s o d i u m  d e t e r m i n a t i o n s  t o  b e  0 . 1 % .  F o u r  
p o t a s s i u m  a n a l y s e s  w e r e  p e r f o r m e d  on  t h e  f l a m e  p h o t o m e t e r  as a  c h e c k  o n  t h e  
v a l u e s  o b t a i n e d  b y  x - r a y  f l u o r e s c e n c e  m e t h o d s .  A g r e e m e n t  w as  g e n e r a l l y  
g o o d  t o  0 . 1 %  o r  b e t t e r  o f  t h e  t o t a l .
T h e  Wt% N a  i s  c a l c u l a t e d  b y  t h e  e q u a t i o n
y  a, » (ppm Na) (mi o f  sample)
(too ) I sample wt)
X-Ray Fluorescence Analyses
G r o u n d  a n d  o x i d i z e d  w h o l e  r o c k  a n d  b i o t i t e  s a m p l e s  w e r e  d i l u t e d  1 : 2  
a n d  1 : 3  r e s p e c t i v e l y  w i t h  l i t h i u m  t e t r a b o r a t e  a n d  f u s e d  i n  c a r b o n  c r u c i b l e s  
f o r  1 / 2  h o u r  a t  1 0 5 0 *  C .  T h e  g l a s s  b e a d  was  t h e n  a l l o w e d  t o  c o o l ,  c r u s h e d  
i n  a  d i a m o n d  m o r t a r ,  g r o u n d  i n  a t u n g s t e n  c a r b i d e  b a l l  m i l l ,  a n d  f i n a l l y  
g r o u n d  u n d e r  a l c o h o l  o r  a c e t o n e  i n  an a g a t e  m o r t a r  a n d  p e s t l e .  T h e  r e s ­
u l t i n g  p o w d e r  was  t h e n  p r e s s e d  i n t o  a  p e l l e t  w i t h  a b o r i c  a c i d  b a c k i n g .
USGS s t a n d a r d s  G - 2  a n d  G SP-1  a n d  a  b i o t i t e  s t a n d a r d  s u p p l i e d  b y  D r .  U .
S t e r n  o f  t h e  I n s t i t u t e  o f  M i n e r a l o g y  a n d  P e t r o l o g y  a t  B a s l e , S w i t z e r l a n d  
w e r e  p r e p a r e d  w i t h  t h e  s a m p l e s  I n  an i d e n t i c a l  m a n n e r .
The samples were analyzed on a Norelco x -ra y  vacuum spectrograph w ith  
a high in te n s i ty  c lose-coupled chromium x -ra y  tube. Ca, T 1 , and to t a l  Fe 
were analyzed w ith o u t  the vacuum whereas K, S i ,  A l , and Mg were analyzed  
under a vacuum. A pulse h e ig h t d is t r ib u t io n  '"window" was used fo r  a l l  
elements except Fe and Ti f o r  which only a 5 v o l t  baselevel was used. A 
f low  p ro p o rtio n a l counter was used f o r  a l l  analyses. A l l  whole rock samples 
were analyzed against GSP-1 (F la n n ig a n , 1967) and a l l  the b i o t i t e s  were 
analyzed ag a ins t the b i o t i t e  standard supplied by Dr. U. S te rn . Analyses 
o f  G-2 vs GSP-1 gave e x c e l le n t  re s u l ts .  The content o f  both b i o t i t e
and whole rock samples was obtained by s u b tra c tin g  the FeO content from the
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t o t a l  Iron  and is  su b je c t to  e r ro rs  in both analyses. As a consequence i ts  
p re c is io n  is  not as good as the o th e r  elements. A l l  analyses were run 
through a m od ified  computer program w r i t te n  by Hower and S chm ittro th  (1964) 
to  c o rre c t  f o r  m a tr ix  e f f e c t s .
The estim ated  p re c is io n  o f  the analyses is shown in the ta b le  below; 
Whole rock B io t i t e
t o t a l ) + 0.1% 0.3%
^*2*3 + 0.2% + 0.5%
FeO + 0.1% + 0.2%
TiO^ + 0.03% + 0.05%
CaO + 0.1% + 0.0%
K.O + 0.1% + 0.1%2
SlOg + 0.5% 0.3%
^ '2 ° 3
+ 0.3% + 0.3%
MgO + 0.1% + 0.3%
These are percentages o f  the to ta l amount-—  not the amount
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APPENDIX I I I
MAGNETIC SUSCEPTIBILITY
Magnetic s u s c e p t ib i l i t y  measurements were performed on a Bison
Magnetic S u s c e p t ib i l i t y  M e te r , Model 3101. Ground whole rock samples were
placed In p l a s t i c  v ia ls  o f  known diameter and the s u s c e p t ib i l i t y  measured.
Then the volume o f  a i r  space In the sample was measured by f i l l i n g  a l l  the
a i r  spaces w ith  a measured volume o f  w a te r .  This allows the r a t io  o f
( t ru e  density  o f sample)
(apparent dens ity  o f  sample)
to  be c a lc u la te d .
The magnetic s u s c e p t ib i l i t y  was then c a lc u la te d  by the formula
_ .  .  .  . . . 1 n ( t ru e  density )
(mag. su s .)  ' ' "  ̂ Td iam eter ) (apparent density)
where C» c a l ib r a t io n  constant « 4 .52  x 10 ^
R= d ia l  reading  
diam eter *  inside diameter o f  v ia l
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A PP EN D IX  I V  
CORRELATION CHART
S a m p l e  L e t t e r  U s e d  i n  T h e s i s  N u m b e r  i n  U n i v e r s i t y  o f  M o n t a n a  C o l l e c t i o n
A H 3 I - I2
B S31-1
C S 3 Î-3
D S31-7
E MP3-8
F MP3-6
6 MP3-5
H B8-7
J B8-9
K B 8-I0
L B8-1
M C1-1
N C l-2
P C I-5
R C l-3
s C2-2
T B6-6
U H4-13
V S7-10
w S7-7
X H8-2
Y H8-4
z h8-6
AA H6-3
BB MP2-1
CC S19-2
DO S6-3
EE D4-4
FF S9-9
GG H Î6 -2
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